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Coronal Mass Ejections

White light (SOHO/LASCO) solar limb coronagraph image of CME. Inner corona
and solar disk seen in extreme ultraviolet (SOHO/EIT).




The view from Earth

Solar blast seen cradle to grave

By Tim Friend
USA TODAY

For the first time, scien-
tists have recorded a mas-
sive burst of energy as it
erupted from the sun, swept
across the solar system and
slammed into the magnetic
shield that surrounds Earth,
NASA said Wednesday.

The explosive release of
solar energy known as a cor-
onal mass ejection occurred
Jan. 7 and traveled 1 million
mph to the Earth as a mag-
netic cloud, growing to 30
million miles deep by the
time it struck Jan. 10.

“What made this event so
remarkable is that we got to
see it as it was born, it came
directly toward the Earth
and we could observe it sev-
eral days before it ap-
proached,” said solar physi-
cist Barbara Thompson of
the International Solar Ter-
restrial Physics Program
(ISTPP).

The eruption knocked out
communications in Antarcti-
ca but had no other con-
firmed serious effects.

Solar storms can cause
large scale power blackouts,
interfere with sensitive mili-
tary radar and disrupt global

o Solar energy erupts from the sun’s surface.

A solar
storm /£ ..

9 A magnetic cloud of
electrons and protons
expands and passes
through the solar
system in three days.

Source: NASA

satellite systems and tele-
communications.

Detection and tracking of
the solar storm was made
with the ISTPP’s sun-observ-
ing SOHO, WIND and PO-
LAR spacecrafts. By the time
the energy hit Earth. a total
of 20 satellites and 12 coun-
tries had been watching.

Robert Hoffman, POLAR
project physicist, says the
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@The storm slams into
the magnetic shield
of the Earth's
atmosphere, knocking
out communications
in Antarctica.

By Grant Jerding, USA TODAY

successful observation
marks the beginning of an
era in which the scientists
can predict when raging so-
lar storms will strike the
Earth and their effects.

The sun is now in a quiet
period, but Hoffman says
over the next five years an
increasing number of solar
eruptions with much greater

force are expected.




The paradigm of the twisted magnetic flux rope

Definition: a set of magnetic field l[ines winding about an axial field line in a organized manner.

Magnetic flux ropes model s have been applied to solar regimes from theinterior out to 1 AU:

— Buoyant magnetic flux ropesrising through the convection zone (Rust, 1997; Emonet and Moreno-Insertis, 1998;
Fan et al., 1998a; Longcope et al., 1998; Abbett et al., 2000,2001, Blackman and Brandenburg, 2003)

— Emerging magnetic field suggests twisted field and can be reproduced by emerging flux rope (Tanaka, 1991, Lites et
al., 1995; Leka et al., 1996, Fan, 2001)

— Apparent shear/rotational motions at photospher e can be explained by emerging flux rope (Lopez Fuentes, 2000;
Green et al., 2002; Mandrini et al., 2004; Gibson et al., 2004)

— Observed properties of coronal prominences (also known as filaments) well-captured by flux rope models (Priest et
al, 1989; Rust and Kumar, 1994; Rust, 1994; Lites and Low, 1996; Gibson and Low, 2000; Aulanier and Demoulin,
1998; Amari, 1999; Aulanier and Schmieder, 2002)

— X-ray sigmoids can be modeled with magnetic flux rope (Rust and Kumar, 1996; Titov and Demoulin, 1999; Low an
Berger, 2003, Fan and Gibson, 2003, 2004; Kliem et al., 2004; Gibson et al., 2004)

— Coronal cavities/3 part CME structures/corona dimmings can be modeled with flux ropes (Low, 1994, 1996; Low anc
Hundhausen, 1995; Chen, 1996; Gibson and Low, 1998, 2000; Guo and Wu, 1998; Kahler and Hudson, 2001; Krall &
al., 2001; Linker et al., 2001)

— Interplanetary disturbances - “ M agnetic clouds’ standard model is a magnetic flux rope (Burlaga et al., 1982;
Burlaga, 1988; Lepping et al., 1990; Rust, 1994; Bieber and Rust, 1995; Farrugia et al, 1995; Vandaset al., 1997,
2002; Mulligan and Russell, 2001; Manchester et al., 2004ab; Roussev, 2004)

And beyond...

— Particle acceleration in extragalactic jets (Birk and Lesch, 2000); Rising flux ropes within neutron stars (Thompson
and Murray, 2003); Elephant trunks in molecular clouds (Carlqvist et al., 2003)



Flux ropes: Theoretically and observationally compelling

Theoretically compelling:

. In highly conductive corona, magnetic helicity as a global quantity is very nearly conserved

. Magnetically dominated plasma relaxes to minimum energy conserving helicity (Taylor, 1974, 198t
. Free energy stored in resulting still-twisted magnetic fields is plausible driver of CMEs (Low, 1999
. Flux ropes as “fundamental building blocks of magnetism in the solar atmosphere”? (Rust, 2003)

Observationally compelling: Apparent twist?
. We must be very careful of projection effects in interpreting coronal observations.

Physical models are essential for interpreting observations:

1) The3D natureof theflux rope
2)  Physically, which bitsarevisible and for what reasons



Outline for talk

| will present results from arecent MHD simulation of a magnetic flux rope emerging into
the coronal atmosphere, which demonstrates the following observed properties:

. Corona X-ray “sigmoids’
. Kinking structures
. Associated sigmoidal filaments

. Rotating sunspots and shearing motions of photospheric magnetic field
Fan and Gibson, 2003, 2004, Gibson et al., 2004



Sigmoids
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Activeregions are significantly more likely to produce flares
or CMEsif they are associated with sigmoid structures.

Are ssigmoids good for predicting Earth-impacting events?

— Must go off at right time and right place
— Must be geo-effective ==> e.g. southward direction of field
— Limited, but potentially useful space-weather prediction tool

Regardless of whether sigmoids are good forecast tools, they are important physical clues
to the twisted nature of the CME and its precursor.



Sigmoids

Both S and inverse-S morphology are observed:
 northern hemisphere -- inverse-S shapes

 southern hemisphere -- forward-S shapes

Gibson €t a. (2002)

Pevtsov, Canfield, & Latushko (2001)



Twisted flux ropes as an origin of sigmoid structures?

Hemisphere rules (X-ray sigmoids and vector
magnetic field):

. North - Left-handed twist -- inverse-S
. South - Right-handed twist -- forward-S
However -

. Flux rope models -- both forward-S and inverse-
S sigmoid field line morphology (Fan 2001,
Magara and Longcope 2001,2003; Abbett and
Fisher 2003).

e.g. infigure of left-handed helical field line
. tops = forward-S

. bottoms = backwards-S.

We need a physical reason why some subset of the magnetic field becomes visibl



Bald-patch-associated separatrix surface

Bald patch (BP) - locus of points where dipped field just touches the photosphere (solar
surface) -- i.e. at the centers of the purple field lines shown.

BP-associated separatrix surface (BPSS) - subset of field lines that contain the BP points
(purplelines). Note flux rope shown hereis left-handed (negative helicity).

Magnetic connectivity is discontinuous across the BPSS, because the field lines are line-
tied to the (assumed) rigid photosphere.



Bald-patch-associated separatrix surface

Dynamic evolution of flux rope field lying above and within separatrix surface relative to the
shorter, arcade-type field below and external to it, could result in tangential discontinuities,
|eading to the the formation of electric current sheets along the separatrix surface (Parker,
1994; Titov and Demoulin, 1999; Low and Berger, 2000).

What could cause dynamic evolution of flux rope?
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Kink Instabilities of Force-Free Flux Tubes

* Infinitely long cylindrical force-free flux tubes are always unstable to the kink instability
(Anzer 1967).

* Inthelower solar corona, magnetic forces generally dominate (the coronal magnetic field is
nearly force-free.)

» The kink instability of aforce-free cylindrical flux tube can be suppressed by line-tying over
afinite length of the tube (Raadu 1971).

 To the corona magnetic field, the dense photosphere represents a line-tying lower boundary

* Line-tied force-free flux tubes are unstable to the kink instability if each field line twists
about the axis by more than 1.25 rotations over the distance between the line-tied ends (Hood
& Priest 1981).



Kinking flux ropes?

Line-tied force-free flux rope shown to be unstable to the kink instability if each field line
twists about the axis by more than 1.25 rotations over the distance between the line-tied ends
(Hood & Priest 1981).

Kinking structures observed, e.g. TRACE 284, white light, H-alpha....

Rust, 2002



Another example of an erupting prominence
associated with a CM E that demonstrates
Kinked structure de Toma et al. (2003)



Another example of an erupting prominence
associated with a CME that demonstrates
Kinked structure de Toma et al. (2003)



Numerical model of flux rope emergence (Fan and Gibson, 2003. 2004)

» Arched magnetic flux rope emerging into an overlying potential
magnetic field arcade

» Speed of emergence slow relative to Alfven speed -- system
allowed to relax to approximately force free state as it emerges

» Emergence stopped after approximately 1.8 full turns of afield
line has emerged -- kink instability ensues

» Forward-S shearing of rope axis is caused by kink instability:
wrong direction for consistency with hemisphere rules (flux rope
has negative helicity)

» Asrope dynamically evolves, inverse-S shaped current sheets
form: consistent with observed hemispheric tendencies



Numerical model of flux rope emerging into coronal arcade
(Fan and Gibson, 2003, 2004)

» Arched magnetic flux rope emerging into an overlying potential
magnetic field arcade

» Speed of emergence slow relative to Alfven speed -- system
allowed to relax to approximately force free state as it emerges

» Emergence stopped after approximately 1.8 full turns of afield
line has emerged -- kink instability ensues

 Forward-S shearing of rope axisis caused by kink instability:
wrong direction for consistency with hemisphere rules (flux rope
has negative helicity)

» Asrope dynamically evolves, inverse-S shaped current sheets
form: consistent with observed hemispheric tendencies



Bald-patch-associated separatrix surface: Evolution

Time= 39 Time =56 Overlay, time=39, 56



Bald-patch-associated separatrix surface: Relation to current sheets

« Sigmoidal separatrix surface exists prior to instability

 During instability, field on either side of separatrix surface
evolve distinctly --> current sheets form

 Supports theory that X-ray sigmoids are due to reconnectior
heating along current sheets that arise from dynamic
evolution of topologically distinct systems

» Kink instability does not cause ssigmoid: sigmoid + kink
both have common cause -- sufficiently twisted flux rope



X-ray sigmoid: relationship to filament/prominence

* Filament lies aong neutral line -- sigmoid overlies neutral line, ends arch down to two magnetic poles (Pevisov, 2002)
* Criss-crossed (braided) structure within filament due to projection of material which isrotated vs. height



Prominence structure within CMEs

Neutral line perpendicular to limb

o CMEs with neutral line parallel
to limb tend to have broad,
diffuse cores.

» CMEswith neutral line
perpendicular to limb tend to
have focussed, central cores

Cremades and Bothmer, 2004

. U-biquitous U-s

Neutral lineparallel tolimb



Magnetic helicity

Open guestions (Berger and Ruzmaikan, 2000; Blackman and Brandenburg, 2003; Rust, 2003):
» Are observed hemispheric preferences of sigmoids etc. indicators of a net magnetic helicity
hemispherical sign preference

* If s0, isthis helicity hemispherical sign preference of sub-photospheric or surface motion origin
(and what exactly is the mechanism?)?

* And if so, isanet helicity of each sign carried away from each hemisphere by CMES?

To addressthis“helicity budget”, we need to know how much magnetic helicity isinjected
into the corona.



» Relative helicity for the emerged flux rope
(Finn and Antonsen 1985).

H,= (A+A))-(B-P)dVv

Vupper
where P isthe reference potential field havir
the same normal flux distribution at the lowe

boundary, and A jisthe vector potential of P

 Helicity flux through the lower boundary
(Berger and Field 1984):

d;m =-2 [(a,-v)B- (A,-B)v] A ds

where A, isthe vector potential of the
potential magnetic field satisfying:




“Thwarted” kink instability

Flux emergence stopped at t = 39
H_=-1047°



Magnetic helicity

Helicity injected through the photosphere (Berger and Field, 1984):

dH/dt=-2 [(A, v) B,-[(A, By v, ] dxdy
n = normal to photosphere
t = tangential to photosphere
A = vector potential for reference potentia field having
Bn at photosphere

Thisisequivaent to (Demoulin and Berger, 2003):
dH/dt=-2 [(A, u) B, dxdy

Where u is the apparent horizontal velocity, I.e. the sum of both “true” horizontal motions
v, and apparent horizontal motions due to the geometric effect of the vertical emergence of
vector magnetic field, i.e.:

U=V;- (Vn/Bn) Bt



Normal field evolution at photosphere

Note the apparent horizontal motion -- despite the fact that the velocity is purely vertical at
photosphere (rigid emergence of structure past the boundary).



Normal field evolution at photospheric boundary

Note the apparent horizontal motion -- despite the fact that the velocity is purely vertical at
photosphere (rigid emergence of structure past the boundary).



Apparent horizontal velocities determined using Local Correlation Tracking
of magnetic features (\Welsch et al., 2004)

But thisisn’'t the whole story...



Horizontal velocity of afieldline footpoint, calculated from
u=v/B,* B,



How do we calculate apparent horizontal velocity?

» Observable: Apparent horizontal velocities determined using Local Correlation Tracking (LCT) of
magnetic features (\Welsch et al., 2004)
« Actual u calculated from model: horizontal velocity of afieldline footpoint u =v, /B, * B,

LCT

Actual

Arrows show direction only



Comparison of LCT vs. calculated horizontal velocities

LCT

Actual

Arrows show magnitude and direction



Helicity

» LCT calculated apparent horizontal velocity misses motions such as “undetectable’ vortical motion
along isocontours of the normal field

» Magnetic helicity can be calculated exactly from known field and apparent horizontal velocity (u =
v /B, * B,) -- solid line

 If LCT calculated apparent velocity is inputted for u (asis generally the case when dealing with
observations, helicity is serioudy underestimated (triangles)



Rotating sunspots

How to detect the “ undetectable”?
Real magnetic field isfar more structured (filamentary) than our simple model

| solate substructures indicating fieldline footpoints: e.g. high resolution observations of
rotational motion in sunspots

Compareto field line footpoints in model -- flux rope leg is identified as a sunspot

Brown et al., 2003; Nightingale et al., 2003
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Rotating sunspots: model results

Direction and magnitude of rotation of flux ropeleg
consistent with observed properties of rotating
sunspots (Brown et al., 2003 ):

 Counterclockwise in northern hemisphere
 40-200 degree rotation range

How is this < 200 degree rotation possible when
~.1.8 full turns of rotation (i.e. 648 degrees) has
emerged?

* need to consider both flux rope legs (may not be
clearly identifiable in observations)

* need to consider initial “shearing” type motion



Conclusions
What are observable properties of a magnetic flux rope emerging into the corona?
Interpretation to be tested :
1) X-ray sigmoids = current sheets = BPSS

2) Filaments = dips in magnetic flux rope.
3) Horizontal magnetic motions =(at least partly) flux rope vertical trandlation

Simulation results:

. Shapes, relative orientations and locations of BPSS and dipped field consistent with observations o
X-ray sigmoids and associated filaments.

. Current layers form along sigmoidal BPSS as flux rope is driven by the kink instability.

. LCT analysis of time-series of magnetograms --> underestimate of magnetic helicity transported int
the corona by the flux rope, due to undetectable twisting motions

. If separated flux rope legs = rotating sunspots, observe rotation ~ 40-200 degrees per leg/sunspot,
consistent with observations - but much less than actual twist in rope!

Observations consistent with magnetic flux rope inter pretation!



But does the flux rope exist in the corona before the CME?

Observed relationship of sigmoid/filament is for quiescent structures -- consistent with flux rope as
precursor!



But does the flux rope exist in the corona before the CME?

QuickTime™ and a
decompressor
are needed to see this picture.

Quiescent (non-erupting) case Erupting (coronal mass g ection) case



But does the flux rope exist in the corona before the CME?

Erupting (coronal mass g ection) case

Quiescent (non-erupting) case

(1lling and Hundhausen, 1986)

NCAR/HAO Newkirk WL CC telescope
March 18 1988 eclipse, Philippines






Spherical coordinate system

QuickTime™ and a
BMP decompressor

I 1 ™
are needed to see this picture. QuickTime™ and a

BMP decompressor
are needed to see this picture.

Run A: emergence stops at t=53.2, total twist is about Run B: emergence stops at t=39, total twist is about
1.88 winds 1.3 winds.



Dynamic emergence of twisted flux tubes

Fan, 2001



Dynamic emergence of twisted flux tubes

QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.

Manchester et al, 2004



Dynamic emergence of twisted flux tubes

QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.

Manchester et al, 2004



